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SURFACE-ENHANCED RAMAN
SCATTERING ELEMENT

TECHNICAL FIELD

The present invention relates to a surface-enhanced
Raman scattering element.

BACKGROUND ART

As a conventional surface-enhanced Raman scattering
clement, one equipped with a minute metal structure con-
figured to generate surface-enhanced Raman scattering
(SERS) has been known (see, for example, Patent Literature
1 and Non Patent Literature 1), in such a surface-enhanced
Raman scattering element, when a sample to be subjected to
Raman spectroscopic analysis 1s brought into contact with
the minute metal structure and 1s irradiated with excitation
light 1n this state, surface-enhanced Raman scattering
occurs, whereby Raman scattering light enhanced by about
10® times, for example, is released.

Meanwhile, for example, Patent Literature 2 discloses a
minute metal structure 1n which metal layers are formed on
one surface of a substrate and upper surfaces of a plurality
of minute projections formed on the one surface of the
substrate (or bottom faces of a plurality of fine holes formed
on the one surface of the substrate) so as to be out of contact
with each other (such that the shortest distance therebetween
1s on the order of 5 nm to 10 um).

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-Open
No. 2011-33518

Patent Literature 2: Japanese Patent Application Laid-Open
No. 2009-222507

Non Patent Literature

Non Patent Literature 1: “Q-SERS™ (G1 Substrate”, [on-
line], Opto Science, Inc., [retrieved from the Internet on
2012 Jul. 19].

SUMMARY OF INVENTION

Technical Problem

When a minute metal structure 1s formed with a so-called
nanogap as mentioned above, electric fields are locally
enhanced upon irradiation with excitation light, whereby the
intensity of surface-enhanced Raman scattering increases.

It 1s therefore an object of the present invention to provide
a surface-enhanced Raman scattering element which can
increase the intensity of surface-enhanced Raman scattering
by a favorable nanogap.

Solution to Problem

The surface-enhanced Raman scattering element 1n accor-
dance with one aspect of the present invention comprises a
substrate having a principal surface; a fine structure part
tformed on the principal surface and having a plurality of
projections; and a conductor layer formed on the {fine
structure part and constituting an optical function part for
generating surface-enhanced Raman scattering; the projec-

10

15

20

25

30

35

40

45

50

55

60

65

2

tions having respective outer surfaces provided with
recessed regions; a plurality of gaps being formed in the
conductor layer by entering the recessed regions.

In this surface-enhanced Raman scattering element, the
conductor layer enters the recessed regions provided in the
respective outer surfaces of the projections of the {fine
structure part, thereby forming a plurality of gaps in the
conductor layer constituting the optical function part. The
gaps formed in the conductor layer favorably function as
nanogaps where electric fields are locally enhanced. There-
fore, this surface-enhanced Raman scattering element can
increase the intensity of surface-enhanced Raman scattering
by favorable nanogaps.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present invention, the
projections may be arranged periodically along the principal
surface. This configuration can stably increase the intensity
of surface-enhanced Raman scattering.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present invention, one
projection may be provided with a plurality of recessed
regions. This configuration can increase gaps which favor-
ably function as nanogaps.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present imnvention, the
recessed region may be a groove extending along a center
line of the projection or a groove extending so as to surround
the center line of the projection. Each of these configurations
cnables the gap formed at a position corresponding to the
recessed region to function favorably as a nanogap.

The surface-enhanced Raman scattering element 1n accor-
dance with one aspect of the present invention comprises a
substrate having a principal surface; a fine structure part
formed on the principal surface and having a plurality of
depressions; and a conductor layer formed on the fine
structure part and constituting an optical function part for
generating surface-enhanced Raman scattering; the depres-
sions having respective inner surfaces provided with
recessed regions; a plurality of gaps being formed in the
conductor layer by entering the recessed regions.

In this surface-enhanced Raman scattering element, the
conductor layer enters the recessed regions provided in the
respective mnner surfaces of the depressions of the fine
structure part, thereby forming a plurality of gaps in the
conductor layer constituting the optical function part. The
gaps formed in the conductor layer favorably function as
nanogaps where electric fields are locally enhanced. There-
fore, this surface-enhanced Raman scattering element can
increase the intensity of surface-enhanced Raman scattering
by favorable nanogaps.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present invention, the
depressions may be arranged periodically along the principal
surface. This configuration can stably increase the intensity
ol surface-enhanced Raman scattering.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present invention, one
depression may be provided with a plurality of recessed
regions. This configuration can increase gaps which favor-
ably function as nanogaps.

In the surface-enhanced Raman scattering element in
accordance with one aspect of the present imnvention, the
recessed region may be a groove extending along a center
line of the depression or a groove extending so as to
surround the center line of the depression. Fach of these
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configurations enables the gap formed at a position corre-
sponding to the recessed region to function favorably as a

nanogap.

Advantageous Elflects of Invention

The present mvention can provide a surface-enhanced
Raman scattering element which can increase the intensity
of surface-enhanced Raman scattering by a favorable
nanogap.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a plan view of a surface-enhanced Raman
scattering unit equipped with a surface-enhanced Raman
scattering element 1n accordance with a first embodiment of
the present invention;

FI1G. 2 15 a sectional view taken along the line II-1I of FIG.
1

FIG. 3 1s a vertical sectional view of an optical function
part 1n the surface-enhanced Raman scattering element of

FIG. 1;

FIG. 4 1s a plan view of a pillar and conductor layer 1n the
optical function part of FIG. 3;

FIG. 5 1s a horizontal sectional view of the pillar and
conductor layer in the optical function part of FIG. 3;

FIG. 6 1s a sectional view 1llustrating steps of manufac-
turing the surface-enhanced Raman scattering element of
FIG. 1;

FIG. 7 1s a sectional view 1illustrating steps of manufac-
turing the surface-enhanced Raman scattering element of
FIG. 1;

FIG. 8 1s a vertical sectional view of the optical function
part 1n the surface-enhanced Raman scattering element in
accordance with a second embodiment of the present inven-
tion;

FI1G. 9 1s a vertical sectional view of a pillar and conductor
layer 1n the optical function part of FIG. 8;

FIG. 10 1s a sectional view 1llustrating steps ol manufac-
turing the surface-enhanced Raman scattering element in
accordance with the second embodiment of the present
invention;

FIG. 11 1s a sectional view illustrating steps ol manufac-
turing the surface-enhanced Raman scattering element in
accordance with the second embodiment of the present
imnvention;

FI1G. 12 1s a vertical sectional view of the optical function
part 1n the surface-enhanced Raman scattering element in
accordance with a third embodiment of the present inven-
tion;

FI1G. 13 1s a plan view of a hole and conductor layer in the
optical function part of FIG. 12;

FIG. 14 1s a horizontal sectional view of the hole and
conductor layer in the optical function part of FIG. 12;

FIG. 15 1s a vertical sectional view of the optical function
part 1n the surface-enhanced Raman scattering element in
accordance with a fourth embodiment of the present inven-
tion;

FIG. 16 1s a vertical sectional view of a hole and con-
ductor layer in the optical function part of FIG. 15;

FIG. 17 1s a modified example of the pillar 1n the optical
function part of FIG. 3;

FIG. 18 1s a modified example of the pillar 1n the optical
tfunction part of FIG. 3; and

FIG. 19 1s a SEM photograph of an optical function part
in a surface-enhanced Raman scattering element.
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4
DESCRIPTION OF EMBODIMENTS

In the following, preferred embodiments of the present
invention will be explained 1n detail with reference to the
drawings. In the drawings, the same or equivalent parts will
be referred to with the same signs while omitting their
overlapping descriptions.

First Embodiment

As 1llustrated 1 FIGS. 1 and 2, a SERS unit (surface-
enhanced Raman scattering unit) 1 in accordance with the
first embodiment comprises a handling board 2 and a SERS
clement (surface-enhanced Raman scattering element) 3
attached onto the handling board 2. The handling board 2 1s
a rectangular plate-shaped glass slide, resin board, ceramic
board, or the like. The SERS element 3 1s arranged on a front
face 2a of the handling board 2 while being biased to one
end part in the longitudinal direction of the handling board
2.

The SERS element 3 comprises a substrate 4 attached
onto the handling board 2, a molded layer 5 formed on the
substrate 4, and a conductor layer 6 formed on the molded
layer 5. The substrate 4 1s formed 1nto a rectangular plate by
s1licon, glass, or the like and has an outer form on the order
ol several hundred umxseveral hundred um to several ten
mmxseveral ten mm and a thickness on the order of 100 um
to 2 mm. A rear face 4b of the substrate 4 1s secured to the
front face 2a of the handling board 2 by direct bonding,
bonding with a metal such as solder, eutectic bonding, fusion
bonding by irradiation with laser light and the like, anodic
bonding, or bonding with a resin.

As 1llustrated i FI1G. 3, the molded layer 5 includes a fine
structure part 7, a support part 8, and a frame part 9. The fine
structure part 7, which 1s a region having a periodic pattern,
1s formed on a surface layer on the side opposite from the
substrate 4 at a center part of the molded layer 3. In the fine
structure part 7, a plurality of circular columnar pillars
(projections) 11, each having a diameter and height on the
order of several nm to several hundred nm, are periodically
arranged at a pitch on the order of several ten nm to several
hundred nm (preferably 250 nm to 800 nm) along a front
face (principal surface) 4a of the substrate 4. The fine
structure part 7 has a rectangular outer form on the order of
several hundred pumxseveral hundred um to several ten
mmxseveral ten mm when seen 1n the thickness direction of
the substrate 4. The support part 8, which 1s a rectangular
region supporting the fine structure part 7, 1s formed on the
front face 4a of the substrate 4. The frame part 9, which 1s
a rectangular ring-shaped region surrounding the support
part 8, 1s formed on the front face 4a of the substrate 4. The
support part 8 and frame part 9 have a thickness on the order
of several ten nm to several ten um. The molded layer 3 like
this 1s integrally formed by molding a resin (examples of
which include resins based on acrylics, fluorine, epoxy,
silicone, and urethane, PET, polycarbonate, and 1norganic/
organic hybrid materials) or low-melting glass arranged on
the substrate 4 by nanoimprinting, for example.

The conductor layer 6 1s formed over the fine structure
part 7 and frame part 9. In the fine structure part 7, the
conductor layer 6 reaches a surface 8a of the support part 8
which 1s exposed to the side opposite from the substrate 4.
The conductor layer 6 has a thickness on the order of several
nm to several um. The conductor layer 6 like this 1s formed
by vapor-depositing a conductor such as a metal (Au, Ag, Al,
Cu, Pt, or the like) on the molded layer 5 molded by
nanoimprinting, for example. In the SERS element 3, the
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conductor layer 6 formed on the fine structure part 7 and the
surface 8a of the support part 8 constructs an optical
function part 10 which generates surface-enhanced Raman

scattering.
As 1llustrated i FIGS. 4 and 3, each pillar 11 has a side

tace (outer surface) 1la provided with grooves (recessed
regions) 12, each of which has a rectangular cross section.
One pillar 11 1s provided with a plurality of grooves 12 (four
grooves at itervals of 90 degrees about a center line CL of
the pillar 11 in the SERS element 3 of the first embodiment),
cach of which extends along the center line CL. Each groove
12 has a width and depth on the order of several nm to
several ten nm. The conductor layer 6 1s formed on the outer
surfaces of the pillars 11 and enters the respective grooves
12 1n the side face 11a of each pillar 11. As a consequence,
the conductor layer 6, which constitutes the optical function
part 10, 1s formed with gaps G along the respective grooves
12. The gaps G have intervals on the order o1 O to several ten
nm. The center line CL of the pillar 11 1s a line passing
through the respective centers of gravity in cross-sectional

torms of the pillar 11 which are perpendicular to the center
line CL.

The SERS unit 1 constructed as in the foregoing 1s used
as follows. First, a ring-shaped spacer made of silicone, for
example, 1s arranged on the front face 2a of the handling
board 2 so as to surround the SERS element 3. Subsequently,
a sample of a solution (or a dispersion of a powder sample
in a solution such as water or ethanol) 1s dropped to the
inside of the spacer with a pipette or the like, so as to arrange
the sample on the optical function part 10. Then, for reduc-
ing the lens eflect, a glass cover 1s mounted on the spacer
and brought into close contact with the solution sample.

Next, the SERS unit 1 15 set in a Raman spectroscopic
analyzer, and the sample arranged on the optical function
part 10 1s wrradiated with excitation light through the glass
cover. This generates surface-enhanced Raman scattering at
the interface between the optical function part 10 and
sample, whereby surface-enhanced Raman scattering light
derived from the sample is enhanced by about 10° times, for
example, and released. Hence, the Raman spectroscopic
analyzer enables Raman spectroscopy with high sensitivity
and high accuracy.

Not only the above-mentioned method, but the following
methods may also be used for arranging the sample on the
optical function part 10. For example, while holding the
handling board 2, the SERS element 3 may be dipped in and
lifted from the solution sample (or a dispersion of a powder
sample 1n a solution such as water or ethanol), and then the
sample may be blown to dry. A minute amount of the
solution sample (or a dispersion of a powder sample 1n a
solution such as water or ethanol) may be dropped onto the
optical function part 10 and left to dry. A powder sample
may be dispersed as 1t 1s on the optical function part 10.

In the SERS element 3 of the first embodiment, as
explained 1n the foregoing, the conductor layer 6 enters the
grooves 12 provided in the side faces 11a of the pillars 11 1n
the fine structure part 7, thereby forming a plurality of gaps
G 1n the conductor layer 6 constituting the optical function
part 10. The gaps G formed in the conductor layer 6
favorably function as nanogaps where electric fields are
locally enhanced. Theretfore, the SERS element 3 of the first
embodiment can increase the intensity of surface-enhanced
Raman scattering by favorable nanogaps.

Since a plurality of pillars 11 are periodically arranged
along the front face 4a of the substrate 4, the intensity of
surface-enhanced Raman scattering can be increased stably.
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Since one pillar 11 1s provided with a plurality of grooves
12, the gaps G favorably functioning as nanogaps can be
increased.

An example of methods for manufacturing the SERS
clement 3 1n accordance with the first embodiment will now
be explained. First, as illustrated 1n (a) of FIG. 6, a master
mold MM and a film base F are prepared. The master mold
MM includes a fine structure part M7 corresponding to the
fine structure part 7 and a support part M8 for supporting the
fine structure part M7. A plurality of fine structure parts M
are arranged 1n a matrix on the support part M8. Subse-
quently, as illustrated 1 (b) of FIG. 6, the film base F 1s
pressed against the master mold MM and pressurized and
heated 1n this state, so as to transier a pattern of the plurality
of fine structure parts M7 to the film base F. Then, as
illustrated 1n (¢) of FIG. 6, the film base F 1s released from
the master mold MM, so as to yield a replica mold (replica
f1lm) RM having the pattern of the plurality of fine structure
parts M7 transierred thereto. The replica mold RM may also
be one formed by applying a resin (examples of which
include resins based on epoxy, acrylics, fluorine, silicone,
and urethane and 1norganic/organic hybrid resins) onto the
film base F. When the resin to be applied onto the film base
F 1s UV-curable, the replica mold R can be obtained by
curing the resin applied on the film base F by 1rradiation with
UV (UV nanommprinting) instead of thermal nanoimprint-
ng.

Next, as illustrated 1n (a) of FIG. 7, a silicone water 40 to
become the substrate 4 1s prepared, and a UV-curable resin
1s applied onto a front face 40a of the silicon watfer 40, so
as to form a nanoimprinting layer 50 to become the molded
layer 5 on the silicone water 40. Subsequently, as 1llustrated
in (b) of FIG. 7, the replica mold RM 1s pressed against the
nanoimprinting layer 50, and the nanoimprinting layer 50 1s
irradiated with UV 1n this state, so as to be cured, whereby
the pattern of the replica mold RM 1is transferred to the
nanoimprinting layer 50. Then, as illustrated 1n (¢) of FIG.
7, the replica mold R 1s released from the nanoimprinting
layer 50, so as to yield the silicone water 40 formed with a
plurality of fine structure parts 7. For securely curing the
resin, thermal cure may be performed.

Next, a film of a metal such as Au or Ag 1s produced on
the molded layer 5 by vapor deposition such as resistance
heating vapor deposition and electron beam vapor deposi-
tion or sputtering, so as to form the conductor layer 6. At this
time, the conductor layer 6 enters the grooves 12 provided
in the side faces 11a of the pillars 11 1n the fine structure part
7, thereby forming the gaps G 1n the conductor layer 6
constituting the optical function part 10. Subsequently, the
s1licone water 40 1s cut for each fine structure part 7 (1.e., for
cach optical function part 10), whereby a plurality of SERS
clements 3 are obtained. For yielding the SERS unit 1, 1t 1s
suflicient for the SERS element 3 manufactured as men-
tioned above to be attached onto the handling board 2.

For forming the conductor layer 6, planetary vapor depo-
sition which performs vapor deposition on a plurality of
silicon wafers 40 set to a planetary member revolving and
rotating with respect to a vapor deposition source 1s etlec-
tive. As compared with vapor deposition techniques of
opposed type and rotating dome types, the planetary vapor
deposition can produce the conductor layer 6 more uni-
formly on the side faces 11a of the pillars 11, thereby more
stably forming the gaps G in the conductor layer 6 consti-
tuting the optical function part 10.

Sputtering 1s also eflective for forming the conductor
layer 6. The sputtering causes metal particles to adhere to the
molded layer 5 while colliding with each other due to plasma
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discharge, thereby randomizing their directivity, so that the
metal particles wrap around well to the side faces 11a of the

pillars 11. Therefore, the sputtering can also produce the
conductor layer 6 uniformly on the side faces 11a of the
pillars 11, thereby stably forming the gaps G in the conduc-
tor layer 6 constituting the optical function part 10.

As explained 1n the foregoing, the method for manufac-
turing the SERS element 3 in accordance with the first
embodiment forms a plurality of gaps G in the conductor
layer 6 by utilizing the grooves 12 provided in the side face
11a of each pillar 11. This can yield the gaps G, which
favorably function as nanogaps, more stably than 1n the case
of forming the gaps G at root parts of the pillars 11 where
the forming condition of the conductor layer 6 1s hard to
stabilize.

Simply transierring a pattern of a two-dimensional form
of the replica mold RM can form the grooves 12 extending
along the center line CL of the pillar 11 on the side face 11a
of the pillar 11. The pattern of the two-dimensional form can
casily be changed in the replica mold RM, whereby the
SERS element 3 formed with favorable nanogaps which can
increase the intensity of surface-enhanced Raman scattering
can be manufactured with a favorable yield.

Not only the above-mentioned UV nanoimprinting, but
thermal nanoimprinting can also be used as nanoimprinting.
Nickel, silicon, or the like can be used as a mold material for
thermal nanoimprinting.

In place of the above-mentioned nanoimprinting, a mask
having a pattern 1n a two-dimensional form may be formed
by photoetching, electron beam lithography, or the like, and
the fine structure part 7 may be formed on the substrate 4 by
ctching with this mask. The pattern of the two-dimensional
form 1s also easily changeable in the mask in this case,
whereby the SERS element 3 formed with favorable
nanogaps which can increase the intensity of surface-en-
hanced Raman scattering can be manufactured with a favor-
able yield.

Second Embodiment

As 1llustrated 1n FIG. 8, the SERS element 3 of the second
embodiment differs from the above-mentioned SERS ele-
ment 3 of the first embodiment mainly 1n that the fine
structure part 7 1s formed on the front face 4a of the substrate
4 and that the groove 12 extends so as to surround the center
line CL of the pillar 11. In the SERS element 3 of the second
embodiment, the fine structure part 7 1s formed at a center
part of the front face 4a of the substrate 4 and has a
rectangular outer form on the order of several hundred
umxseveral hundred um to several ten mmxseveral ten mm
when seen 1n the thickness direction of the substrate 4. The
pillars 11 of the fine structure part 7 are periodically
arranged at a pitch on the order of several ten nm to several
hundred nm (preferably 250 nm to 800 nm) along the front
tace 4a of the substrate 4.

The conductor layer 6 1s formed over the fine structure
part 7 and the front face 4a of the substrate 4. In the fine
structure part 7, the conductor layer 6 reaches the exposed
front face 4a of the substrate 4. In the SERS element 3, the
conductor layer 6 formed on the fine structure part 7 and the
front face 4a of the substrate 4 exposed at the fine structure
part 7 constructs the optical function part 10 for generating,
surface-enhanced Raman scattering.

As 1llustrated 1n FI1G. 9, one pillar 11 1s provided with one
groove 12 which extends like a circular ring so as to
surround the center line CL of the pillar 11. The conductor
layer 6 1s formed on the outer surfaces of the pillars 11 and
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enters the groove 12 in the side face 11a of each pillar 11.
As a consequence, the conductor layer 6 constituting the
optical function part 10 1s formed with the gap G along each
groove 12. One pillar 11 may be provided with a plurality of
grooves 12 juxtaposed along the center line CL, for
example.

The SERS eclement 3 of the second embodiment con-
structed as 1n the foregoing also exhibits effects similar to
those of the SERS element 3 of the above-mentioned first
embodiment.

An example of methods for manufacturing the SERS
clement 3 of the second embodiment will now be explained.
First, as 1llustrated 1n (a) of FIG. 10, the silicon water 40 to
become the substrate 4 1s prepared. Subsequently, as 1llus-
trated 1n (b) of FIG. 10, a sacrificial layer 13 made of S10,
1s formed on the front face 40qa of the silicon water 40. Then,
as 1llustrated 1n (¢) of FIG. 10, a surface layer 14 made of
polysilicon 1s formed on a front face 13a of the sacrificial
layer 13.

Next, as illustrated 1n (a) of FIG. 11, a resist layer RL 1s
formed on a front face 14a of the surface layer 14. The resist
layer RL has a pattern formed by photoetching, electron
beam lithography, nanoimprint lithography, or the like. The
pattern of the resist layer RL corresponds to a plurality of
fine structure parts 7 and masks parts corresponding to the
pillars 11 for each fine structure part 7. Subsequently, as
illustrated 1n (b) of FIG. 11, dry etching using the resist layer
RL as a mask removes the surface layer 14, the sacrificial
layer 13, and a surface layer of the silicon water 40 from the
region not covered with the resist layer RL, and then the
remaining resist layer RL 1s eliminated. Thereafter, as illus-
trated 1n (c) of FIG. 11, laterally-exposed surface layers of
the sacrificial layer 13 are selectively removed by dry or wet
ctching with another etchant, so as to form grooves 12 on the
side faces 11a of the pillars 11. This yields the silicon water
40 formed with a plurality of fine structure parts 7.

A similar production 1s possible with SOI waters. The
material for the pillars 11 1s not limited to silicon, nor 1s that
for the sacrificial layer 13 to S10,. The pillars 11 and
sacrificial layer 13 may be made of any materials as long as
the sacrificial layer 13 can selectively be etched with respect
to the pillars 11. It 1s not necessary for the substrate 4 and
the leading end parts of the pillars 11 to be made of the same
matenal. For example, the substrate 4 may be a silicone
waler, the sacrificial layer may be S10,, and the leading end
parts of the pillars 11 may be a resin. The leading end parts
of the pillars 11 may be formed by nanoimprinting when
they are made of a resin.

Next, a film of a metal such as Au or Ag 1s produced on
the molded layer 5 by vapor deposition such as resistance
heating vapor deposition and electron beam vapor deposi-
tion or sputtering, so as to form the conductor layer 6. At this
time, the conductor layer 6 enters the grooves 12 provided
in the side faces 11a of the pillars 11 1n the fine structure part
7, thereby forming the gaps G 1n the conductor layer 6
constituting the optical function part 10. Subsequently, the
s1licone water 40 1s cut for each fine structure part 7 (1.e., for
cach optical function part 10), whereby a plurality of SERS
clements 3 are obtained. For yielding the SERS unit 1, 1t 1s
suflicient for the SERS element 3 manufactured as men-
tioned above to be attached onto the handling board 2.

As explained 1n the foregoing, the method for manufac-
turing the SERS element 3 1n accordance with the second
embodiment forms a plurality of gaps G in the conductor
layer 6 by utilizing the grooves 12 provided 1n the side face
11a of each pillar 11. This can yield the gaps G, which
favorably function as nanogaps, more stably than 1n the case
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of forming the gaps G at root parts of the pillars 11 where
the forming condition of the conductor layer 6 1s hard to

stabilize.

Simply adjusting the thickness and position of the sacri-
ficial layer 13 can easily change the width of the grooves 12,
while just regulating the etching condition for the surface
layer of the sacrificial layer 13 can readily alter the depth of
the grooves 12, whereby the SERS element 3 formed with
favorable nanogaps which can increase the intensity of
surface-enhanced Raman scattering can be manufactured
with a favorable yield.

Third Embodiment

As 1llustrated 1n FIG. 12, the SERS element 3 of the third
embodiment differs from the SERS element 3 of the above-
mentioned first embodiment mainly 1n that holes (depres-
sions) 15 are formed in the molded layer 5 instead of the
pillars 11. In the SERS element 3 of the third embodiment,
the fine structure part 7 1s formed with a plurality of
cylindrical holes, each having a diameter and depth on the
order of several ten nm to several hundred nm, periodically
arranged at a pitch on the order of several ten nm to several
hundred nm (preferably 250 nm to 800 nm) along the front
tace 4a of the substrate 4.

The conductor layer 6 1s formed over the fine structure
part 7 and frame part 9. In the fine structure part 7, the
conductor layer 6 reaches the surface 8a of the support part
8 (1.e., the bottom face of each hole 15) exposed to the side
opposite from the substrate 4. In the SERS element 3, the
conductor layer 6 formed on the fine structure part 7 and the
surface 8a of the support part 8 constructs the optical
function part 10 for generating surface-enhanced Raman
scattering.

As 1llustrated in FIGS. 13 and 14, each hole 15 has a side
tace (inner surface) 15a provided with grooves 12, each of
which has a rectangular cross section. One hole 15 1s
provided with a plurality of grooves 12 (four grooves at
intervals of 90 degrees about the center line CL of the hole
15 1n the SERS element 3 of the third embodiment), each of
which extends along the center line CL. The conductor layer
6 1s formed on the 1nner surfaces of the holes 15 and enters
the respective grooves 12 1n the side face 15a of each hole
15. As a consequence, the conductor layer 6, which consti-
tutes the optical function part 10, 1s formed with gaps G
along the respective grooves 12. The center line CL of the
hole 15 1s a line passing through the respective centers of
gravity 1n cross-sectional forms of the hole 15 which are
perpendicular to the center line CL.

In the SERS element 3 of the third embodiment con-
structed as 1n the foregoing, the conductor layer 6 enters the
grooves 12 provided 1n the side faces 154 of the holes 15 1n
the fine structure part 7, thereby forming a plurality of gaps
G 1n the conductor layer 6 constituting the optical function
part 10. The gaps G formed in the conductor layer 6
favorably function as nanogaps where electric fields are
locally enhanced. Therefore, the SERS element 3 of the third
embodiment can increase the intensity of surface-enhanced
Raman scattering by favorable nanogaps.

Since a plurality of holes 15 are periodically arranged
along the front face 4a of the substrate 4, the intensity of
surface-enhanced Raman scattering can be increased stably.

Since one hole 15 1s provided with a plurality of grooves
12, the gaps G favorably functioning as nanogaps can be
increased.

The fine structure part 7 can be formed in the molded
layer 5 by nanoimprinting in the SERS element 3 of the third

10

15

20

25

30

35

40

45

50

55

60

65

10

embodiment as 1 the SERS element 3 of the above-
mentioned first embodiment. The fine structure part 7 may

also be formed on the substrate 4 by etching with a mask
having a pattern of a two-dimensional form (whose masking
and opening parts are reversed from those of the mask 1n the
above-mentioned first embodiment).

Fourth Embodiment

As illustrated in FIG. 15, the SERS element 3 of the fourth
embodiment differs from the SERS element 3 of the above-
mentioned third embodiment mainly 1n that the fine structure
part 7 1s formed 1n the front face 4a of the substrate 4 and
that the groove 12 extends so as to surround the center line
CL of the hole 15. In the SERS element 3 of the fourth
embodiment, the fine structure part 7 1s formed at a center
part ol the front face 4a of the substrate 4 and has a
rectangular outer form on the order of several hundred
umxseveral hundred um to several ten mmxseveral ten mm
when seen 1n the thickness direction of the substrate 4. The
holes 15 of the fine structure part 7 are periodically arranged
at a pitch on the order of several ten nm to several hundred
nm (preferably 250 nm to 800 nm) along the front face 4a
of the substrate 4.

The conductor layer 6 1s formed over the fine structure
part 7 and the front face 4a of the substrate 4. In the fine
structure part 7, the conductor layer 6 reaches the exposed
front face 4a of the substrate 4 (1.e., the bottom face of each
hole 15). In the SERS element 3, the conductor layer 6
formed on the fine structure part 7 and the front face of the
substrate 4 exposed at the fine structure part 7 constructs the
optical function part 10 for generating surface-enhanced
Raman scattering.

As 1llustrated 1n FIG. 16, one hole 135 1s provided with one
groove 12 which extends like a circular ring so as to
surround the center line CL of the hole 15. The conductor
layer 6 1s formed on the 1nner surfaces of the holes 15 and
enters the groove 12 1n the side face 154 of each hole 15. As
a consequence, the conductor layer 6 constituting the optical
function part 10 1s formed with the gap G along each groove
12. One hole 15 may be provided with a plurality of grooves
12 juxtaposed along the center line CL, for example.

The SERS e¢lement 3 of the fourth embodiment con-
structed as 1n the foregoing also exhibits effects similar to
those of the SERS element 3 of the above-mentioned third
embodiment. The fine structure part 7 may also be formed on
the substrate 4 by etching with a mask having a pattern of a

two-dimensional form (whose masking and opening parts
are reversed from those of the mask 1n the above-mentioned
second embodiment) in the SERS element 3 of the fourth
embodiment as in the SERS element 3 of the above-
mentioned second embodiment.

While the first to fourth embodiments of the present
invention are explained in the foregoing, the present inven-
tion 1s not limited to the above-mentioned embodiments. For
example, the pillars 11 and holes 15 may be arranged
one-dimensionally instead of two-dimensionally or in a
triangular lattice instead of a square lattice. The cross-
sectional form of the pillars 11 and holes 135 1s not limited to
circles, but may be ellipses or polygons such as triangles and
quadrangles. Thus, without being restricted to those men-
tioned above, various materials and forms can be employed
for constituents of the SERS element 3 and SERS unit 1.

The fine structure part 7 may be formed on the front face
da of the substrate 4 either indirectly with the support part
8, for example, mterposed therebetween as in the first and
third embodiments or directly as in the second and fourth
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embodiments. The conductor layer 6 1s not limited to the one
directly formed on the fine structure part 7, but may be
formed 1ndirectly on the fine structure part 7 with a layer
such as a bufler metal (11, Cr, or the like) for improving the
adhesion of a metal to the fine structure part 7, for example,
interposed therebetween.

The cross-sectional form of the grooves 12 1s not limited
to rectangles, but may also be shaped like U, V, and the like.
The conductor layer 6 may be either continuous or discon-
tinuous within the groove 12 as long as 1t enters the groove
12 so as to form the gap G. The surfaces of the support part
8 and substrate 4 may be free of the conductor layer 6 (the
conductor layer 6 may be formed only on the pillars 11
having the grooves 12 but discontinuous on the surfaces of
the support part 8 and substrate 4) as long as the conductor
layer 6 enters the groove 12 so as to form the gap G.
Recessed regions other than the grooves 12 may also be
provided in the outer surfaces of projections such as the
pillars 11 and 1nner surfaces of depressions such as the holes
15. That 1s, the form of recessed regions serving as inden-
tations 1s not limited as long as the conductor layer 6 forms
the gap G by entering recessed regions such as cutouts and
caves (dented regions, concave regions, and sunken regions)
formed 1n the outer surfaces of projections and inner sur-
faces of depressions. By way of example, when mountains
and valleys are repeatedly formed 1n the side face 11a of the
pillar 11 as illustrated 1n FIG. 17, the valley parts become
recessed regions. When mountains and valleys are repeat-
edly formed 1n the side face 15a of the hole 135, the valley
parts stmilarly become recessed regions. When a number of
protrusions are formed on the side face 11a of the pillar 11
as 1illustrated mm FIG. 18, parts between the protrusions
adjacent to each other become the recessed regions. When a
number of protrusions are formed on the side face 15a of the
hole 15, parts between the protrusions adjacent to each other
similarly become the recessed regions.

When attention 1s focused on a pair of projections (those
corresponding to the pillars 11) adjacent to each other, the
width of the gap formed by the conductor layer entering a
recessed region provided in the outer surface of the projec-
tion 1s smaller than the distance between the conductor layer
formed on the outer surface of one projection and that
tormed on the outer surface of the other projection. This can
casily and stably form such a narrow gap (gap favorably
functioning as a nanogap) as to be unattainable by the
configuration of the fine structure part alone.

For reference, a SEM photograph of an optical function
part of a surface-enhanced Raman scattering element will be
explained. The optical function part shown 1n FIG. 19 1s one
in which Au was vapor-deposited as a conductor layer so as
to vield a thickness of 50 nm 1n a fine structure part made of
a nanoimprinting resin having a plurality of pillars (each
having a diameter of 120 nm and a height of 180 nm)
periodically arranged at a predetermined pitch (center line
distance of 360 nm).

INDUSTRIAL APPLICABILITY

The present mvention can provide a surface-enhanced
Raman scattering element which can increase the intensity
of surface-enhanced Raman scattering by a favorable
nanogap.

REFERENCE SIGNS LIST

3: SERS element (surface-enhanced Raman scattering
clement); 4: substrate; 4a: front face (principal sur-
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face); 6: conductor layer; 7: fine structure part; 10:
optical function part; 11: pillar (projection); 11a: side
face (outer surface); 12: groove (recessed region); 15:
hole (depression); 15a: side face (inner surface); G:
gap; CL: center line.

The mvention claimed 1s:

1. A surface-enhanced Raman scattering element com-
prising:

a substrate having a principal surface;

a fine structure part formed on the principal surface and

having a plurality of projections; and

a conductor layer formed on the fine structure part and

constituting an optical function part for generating
surface-enhanced Raman scattering;

wherein the projections have respective outer surfaces

provided with recessed regions;

wherein a plurality of gaps are formed 1n the conductor

layer by entering the recessed regions; and

wherein, when attention i1s focused on a pair of projections

adjacent to each other, a width of the gap formed by the
conductor layer entering a recessed region provided 1n
the outer surface of a projection i1s smaller than a
distance between the conductor layer formed on the
outer surface of one projection and that formed on the
outer surface of the other projection,

the recessed region 1s formed 1n a region that 1s at least not

a root part of the projection, and the root part of the
projection includes a region that 1s not a recessed
region.

2. A surface-enhanced Raman scattering element accord-
ing to claim 1, wherein the projections are arranged peri-
odically along the principal surface.

3. A surface-enhanced Raman scattering element accord-
ing to claim 1, wherein one of the projections 1s provided
with a plurality of the recessed regions.

4. A surface-enhanced Raman scattering element accord-
ing to claim 1, wherein the recessed region 1s a groove
extending along a center line of the projection.

5. A surface-enhanced Raman scattering element accord-
ing to claim 1, wherein the recessed region 1s a groove
extending so as to surround a center line of the projection.

6. A surface-enhanced Raman scattering element com-
prising;:

a substrate having a principal surtace;

a fine structure part formed on the principal surface and

having a plurality of depressions; and

a conductor layer formed on the fine structure part and

constituting an optical function part for generating
surface-enhanced Raman scattering;

wherein the depressions have respective inner surfaces

provided with recessed regions;

wherein a plurality of gaps are formed 1n the conductor

layer by entering the recessed regions; and

wherein a width of the gap formed by the conductor layer

entering a recessed region provided 1n the mner surface
of a depression 1s smaller than an mmner width of the
conductor layer formed on the inner surface of the
depression, and

the depression 1s a hole, and the recessed region 1is

disposed 1 a region of an mner surface of the hole
spaced apart from a bottom face of the hole.

7. A surface-enhanced Raman scattering element accord-
ing to claim 6, wherein the depressions are arranged peri-
odically along the principal surface.

8. A surface-enhanced Raman scattering element accord-
ing to claim 6, wherein one of the depressions 1s provided
with a plurality of the recessed regions.
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9. A surface-enhanced Raman scattering element accord-
ing to claim 6, wherein the recessed region 1s a groove
extending along a center line of the depression.

10. A surface-enhanced Raman scattering element accord-
ing to claim 6, wherein the recessed region 1s a groove 5
extending so as to surround a center line of the depression.
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